copepods gain some metabolic advantage or reach larger adult body size (and hence greater fecundity) by migrating to the cooler deep layer when not feeding at the surface (McLaren, 1963) . According to the UV-B avoidance hypothesis, zooplankton migrate down during the day to avoid high levels of harmful UV-B radiation in the surface layer (Huntsman, 1924) . The predator avoidance hypothesis proposes that copepods migrate to the food-rich surface layer at night to feed and leave it during the day to avoid visual predators (Lampert, 1989) .
In the present study, we monitored the DVM of small to large (0.2-5.5 mm cephalothorax length) herbivore (Pseudocalanus acuspes, Calanus glacialis, C. hyperboreus) and omnivore (Oncaea borealis, Oithona similis, Microcalanus pygmaeus, Metridia longa) copepods as well as the diel change in abundance and feeding of the carnivorous hyperiid amphipod Themisto libellula in the under-ice surface layer, in ice-covered Barrow Strait under the midnight sun in spring. In the absence of any strong vertical gradient in temperature or any significant UV-B radiation, the underice environment was used to test independently the predictions of the predator avoidance hypothesis. In particular, we relate the DVM of the different copepods to the vertical distribution of their potential food (chlorophyll biomass, copepod nauplii, faecal pellets and particulate organic matter) and to their size, an index of vulnerability to visual predators.
M E T H O D Study site
Barrow Strait (74º30ЈN, 96º00ЈW) is a shallow (150-200 m) strait in the centre of the Northwest Passage between Viscount Melville Sound to the West and Lancaster Sound to the East (Figure 1 ). The Strait is among the northernmost areas in the Northern Hemisphere where the sea ice cover melts in summer. It is usually covered with ice from October to July, with maximal ice thickness (~2 m) and heaviest snow cover in May. At this latitude, the sun remains below the horizon from November to February, and there is midnight sun from late April to mid-August. Water depth at the sampling station was 125 m in 1992 and 150 m in 1995 (Figure 1 ).
Circulation and the origin of water masses in the study area have been studied by Bennett, 1987, 1989) . Arctic surface water enters Barrow Strait from the south through Peel Sound (around Victoria and Banks Islands), from the west through Viscount Melville Sound and from the north through Penny Strait (Figure 1 ). The net eastward transport through Barrow Strait is maximal and minimal in August and January, respectively. It is dominated by semidiurnal elliptical tidal currents that can exceed 35 cm s -1 . The boundary layer under the ice cover affects the tidal currents in the same way as the bottom boundary layer, resulting in maximal current velocities at mid-depth (Prinsenberg and Bennett, 1989) .
Sampling
Vertical profiles of under-ice zooplankton abundance were obtained at 3 h intervals during 24 h on May 16-17, 6, 1995 . Sampling was conducted in a heated tent set up over a hole in the first-year landfast ice. Two different samplers were used: a NIPR (National Institute of Polar Research) system to sample discrete depths near the ice-water interface (1992: 0, 1, 3 m; 1995: 0, 2.5, 5, 10, 15, 25 m) and a standard opening-closing ring net (O/C ring net) to sample adjacent depth strata (1992: 3-15, 15-30, 30-60, 60-90, 90-130 m; 1995: 0-25, 25-50, 50-100, 100-150 m) . With a filtering capacity of 1.25 m 3 min -1 , the NIPR system consists of an electric-powered propeller that induces a water flow into a 100-µm mesh net (Fukuchi et al., 1979) . Water samples of 6.25 m 3 were collected at each discrete sampling depth by activating the sampler for 5 min. The 100 µm mesh, 50 cm diameter, O/C Ring net was fitted with a TSK ® flowmeter. The night-time (22:30) and daytime (13:20) vertical distributions of zooplankton were also determined on May 25, 1992 using the O/C Ring net.
Surface to bottom profiles of salinity and temperature were recorded with a Seabird-19 ® CTD before each net sampling. Incident photosynthetically active radiation (PAR) during the 1992 sampling period was calculated from total incoming radiation (TIR) recorded at the Resolute airport (Atmospheric Environment Service, Environment Canada). The following empirical relationship was used to transform the latter into PAR: PAR (µmol photons m -2 s -1 ) = 2.095 TIR ( J m -2 s -1 ) + 55.632 (r 2 = 0.95). This relationship was based on 143 paired readings of PAR (LI-190S ® sensor) and TIR (RF1 Pyranometer) (both variables averaged over 1 h), taken on six clear days in May 1994. In 1995, incident and underwater PAR were measured directly at our study site with 2π Li-Cor ® sensors mounted 1 m above and 1 m below (LI-192 ® ) the ice cover respectively, and averaged every 15 min. The PAR spectrum (400-700 nm) covers the spectra of maximal transmittance of irradiance in the under ice water column (Jerlov, 1976) as well as the spectral sensitivity maxima of most marine invertebrates (including copepods and their amphipod predators) and fish (Stearns and Forward, 1984; Cronin, 1986) .
Periods of minimum and maximum current velocities under the ice cover were estimated from the predicted tidal heights for nearby Resolute Oceans Canada, 1992, 1995) . During our sampling season, the tides are asymmetrical so that slack water occurs about 2 h after high tide and the maximum eastward current occurs about 2 h after low tide (Conover et al. 1986; Prinsenberg and Bennet, 1989) .
Biomass of microalgae in the ice and the water column was measured on May 17, 1992 and on June 3, 1995. Three ice cores were taken from each of three regions with different snow depths within 50 m of the tent, using a SIPRE ice corer (7.62 cm diameter). For each snow depth, the bottom 4 cm (1992) or 10 cm (1995) of the three cores were melted in 1 litre of filtered sea water. Subsamples were filtered on GF/F filters for determination of chlorophyll a and phaeopigment concentrations using a Turner Designs Model 112 ® fluorometer, after extraction in 10 ml of 90% acetone during 24 h in the dark at 4°C. Water column microalgae were sampled at different depths (1992: 0, 2.5, 5, 10, 20, 50, 100; 1995: 0, 2.5, 5, 7.5, 15, 30, 60, 90 , 150 m) using Go-Flow ® or Niskin bottles. The content of each bottle was processed as described above for ice algae.
To measure the vertical flux of particulate matter (total particulate organic carbon and faecal pellet volume) available to copepods, sediment traps made of two PVC cylinders (7.56 cm diameter, aspect ratio of 1 : 10) were suspended at 2.5, 30 and 90 m under the ice cover from May 30 to June 4, 1995. The traps were filled with filtered sea water before deployment, and no preservative was added. Upon retrieval, the content of each cylinder was gently transferred into a 4 l isothermal container. A subsample from the first cylinder was filtered on a pre-combusted GF/F filter and frozen for later determination of total particulate organic carbon with a Perkin Elmer model 240 ® CHN analyser. The content of the second cylinder was preserved in 4% formalin for the later determination of faecal pellet volume using an image analyser (Optimas ® system) (Fortier, 1999) .
Diel changes in the abundance of Themisto libellula immediately under the ice were assessed over 24 h on May 2 and May 20, 1992. Every 4 h (May 2) or 3 h (May 20), a large-volume macrozooplankton sampler (MZS) consisting of two 1-m 2 nets (250 and 500 µm mesh) mounted on a metal frame and each equipped with TSK flowmeters was towed in the 0.5-1.5 m layer. The sampler was attached to a cable forming a loop between two holes 150 m apart in the ice, and was towed horizontally by a heavyduty snowmobile. Free-wheeling buoys mounted on the top of the frame maintained the sampler in the layer immediately under the ice.
All zooplankton samples were preserved in 4% formalin. In the laboratory, copepods were identified to species and developmental stages. Changes in the vertical distribution of a species (or copepodite stage) were represented by variations in the depth of the centre of mass of its distribution, i.e. ZCM = ∑ p i z i where p i is the proportion of copepods in the ith depth-interval and z i is the midpoint of the ith stratum.
To estimate the abundance and size distribution of Themisto libellula, up to 400 juveniles and adults were counted and measured from each MZS sample (<4 mm young-of-the-year were not counted). Large samples were split using a Folsom splitter until a fraction containing ca. 500 juveniles and adults was obtained. Total body length to the nearest 0.1 mm was measured as the straight-line distance from the anterior margin of the head to the tip of the third uropod using micrometre callipers (Percy, 1993) . To investigate composition of diet and diel changes in feeding, the gut content of up to 12 T. libellula in the modal size class 20-22 mm were examined for each of the nine MZS samples taken on 20-21 May 1992. Animals were measured and dissected under the stereoscopic microscope. The head was separated from the metasome and the foregut and midgut were isolated and examined in water at magnifications of 30-140ϫ. Food items were measured (length and width) and identified to species whenever possible. Unidentified items were sorted into general categories on the basis of body parts (Wing, 1976) . Sampling was conducted under clear skies in both 1992 and 1995. Although the sun did not sink below the horizon, incoming PAR varied widely over the diel cycle (Figures 2A, 3A) . In mid-May 1992, the minimum incident PAR of 135 µmol photons m -2 s -1 between 01.00 h and 02.00 h represented <11% of the maximum of ca. 1250 µmol photons m -2 s -1 between 13.00 h and 14.00 h ( Figure 2A ). The maximum relative rate of change in incoming PAR (∆I/I) occurred at approximately 20.00 h (decreasing light) and 06.00 h (increasing light) ( Figure  2B ). In early June 1995, incoming PAR ranged from a minimum of 180 at 01.30 h to a maximum of 1450 µmol photons m -2 s -1 at 13.30 h ( Figure 3A ). Under-ice PAR (1 m below the ice) varied from as low as 0.1 to a maximum of 2-3 µmol photons m -2 s -1 , representing from 0.07% to 0.21% of incident PAR ( Figure 3B ). The increasing trend in underwater PAR reflected the rapid melting of the snow cover during the sampling period. In early June 1995, the maximum relative rate of change in incoming PAR (∆I/I) occurred at approximately 22.30 h (decreasing light) and 05.00 h (increasing light) ( Figure 3C ). In both years, the dusk maxima in relative rate of change in incoming PAR (∆I/I) (decreasing light) coincided with or shortly preceded the estimated periods of maximum current velocity ( Figure 2C, 3D ).
R E S U LT S Irradiance and hydrography
Temperature at the ice-water interface was slightly colder in mid-May 1992 (-1.77°C) than in early June 1995 (-1.72°C). The water column was nearly isothermal in both years with an increase of <0.15°C from surface to bottom ( Figure 4A ). In 1992, salinity increased by <0.3 PSU from surface to bottom ( Figure 4B ). In 1995, a 0.8 PSU halocline between the surface and 15 m separated the slightly diluted surface layer (31.5 PSU) from the underlying water (32.3 to 32.6 PSU) ( Figure 4B ).
Vertical distribution of potential food for copepods
In the two sampling years, the thin layer (1-3 cm) of algae in the ice bottom accounted for most of the microalgal biomass in the ice and the water column (Table I) . Algal biomass in the water column was low (<0.35 mg Chl a m -3 ) with maximum concentrations near the ice-water interface ( Figure 5A , B). Concentrations decreased rapidly with depth to values <0.1 mg Chl a m -3 below 20 m. Copepod nauplii, a frequent prey of omnivorous copepods, were concentrated in the top 50 m layer ( Figure 5C , D). In early June 1995, the flux of faecal pellets was relatively low at 2.5 m and similarly high at 30 and 90 m, whereas the overall flux of particulate organic carbon (faecal and other) was nearly equal at the three depths ( Figure 5E ).
Day-night vertical distribution of copepods
The copepod assemblage in Barrow Strait was dominated by five calanoids (Microcalanus pygmaeus, Pseudocalanus acuspes, Metridia longa, Calanus glacialis and C. hyperboreus) and two cyclopoids (Oithona similis and Oncaea borealis) (Fortier, 1999) . In general, copepods were distributed deeper and presented weaker diel migrations on May 25, 1992 than on June 3-6, 1995. Except for Oncaea borealis and Microcalanus pygmaeus in 1995, all migrating species displayed a normal pattern of DVM, the centres of mass (ZCM) of the distribution being deeper during the day than at night ( Figure 6 ). Late copepodites and females of the large calanoids Calanus hyperboreus and C. glacialis occupied the deep layer (>80 m) and displayed little vertical displacement in mid-May 1992 ( Figure 6A ). In early June 1995, both species were distributed higher in the water column (40-100 m) than in May 1992 and effected wider migrations, the ZCM of the distribution reaching the 40-60 m layer at night ( Figure 6B ). The vertical distribution of late copepodites and adults of Metridia longa were similar in both years, with normal DVM of ca. 20 m within the deep layer (70-120 m). Pseudocalanus acuspes was distributed similarly in both years, residing in mid-water during the day and migrating 20-40 m upwards at night. The ZCM of the small calanoid Microcalanus pygmaeus varied by ≤10 m, with a normal DVM in the 85-105 m layer in 1992 ( Figure 6A ) and an inverse DVM in the 60-70 m layer in 1995 ( Figure 6B ). The cyclopoid Oithona similis displayed limited normal DVM within the 20-45 m layer in both years. Few Oncaea borealis were sampled in 1992 and the overall population (all stages pooled) exhibited a normal DVM centred around 80 m ( Figure 6A ). The same species was distributed in the 40-60 m layer in 1995, exhibiting this time an inverse pattern of DVM, with CIII to CV effecting pronounced day-night displacement (~20 m) ( Figure 6B ).
In several species, the depth of the daytime ZCM tended to increase with developmental stage and, in almost all species, females were distributed deepest in the water column ( Figure 6 ). The vertical distribution of Pseudocalanus acuspes and Metridia longa was similar in 1992 and 1995. Pooling the data for the 2 years, the correlation between daytime ZCM and cephalothorax length at a given developmental stage was significant for the two species (P. acuspes: r 2 = 0.55, n = 9, P = 0.023: M. longa: r 2 = 0.47, n = 9, P = 0.040). Despite the small sample size (i.e. number of developmental stages), the relation between ZCM and cephalothorax length was significant in 1995 for Oncaea borealis (r 2 = 0.87, n = 5, P = 0.020) and Microcalanus pygmaeus (r 2 = 0.83, n = 5, P = 0.032) and marginally significant for Calanus glacialis (r 2 = 0.83, n = 4, P = 0.086).
Pooling all species and stages showed that, except for Pseudocalanus acuspes, the daytime ZCM of all copepods remained around 100 m and varied little with cephalothorax length in late May 1992 ( Figure 7A 
Diel distribution of copepods within the 0-25 m layer
While the centre of mass of the distribution of a given taxon (ZCM) summarizes the position of the population in the water column, it is often a poor indicator of the incursions of individual animals in the surface layer (Pearre, 1979; Simard et al., 1985) . 
Occurrence and diet of Themisto libellula near the ice-water interface
Adult Themisto libellula sampled on May 20-21, 1992 preyed primarily on copepods (Table II) . Pseudocalanus acuspes, by far the numerically dominant copepod (84% of total) in the assemblage in 1992 (Fortier 1999) , was the main prey. Although contributing only 10% of the P. acuspes population in the plankton, adult females often represented over 30% of the prey of T. libellula. Ostracods and small, juvenile T. libellula were also preyed upon. Mean volume of gut content and mean number of prey per gut peaked in the evening collections (18.55 h and 21.45 h) and in the morning of May 21 (07.45 h and 11.00 h). Up to 15 copepod prey were recorded from a single 22 mm long individual.
Themisto libellula invaded the near-surface layer (0.5 to 1.5 m) in the evening, at the same time as its main prey Pseudocalanus acuspes (Figure 9 ). The concentrations of both predator and prey in the surface layer increased shortly after the maximum relative rate of change in decreasing light (∆I/I), at ca. 20.00 h. Both species remained near the interface for a short period of time, their concentrations falling back to daytime levels between 00.00 h and 04.00 h (Figure 9 ). 
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D I S C U S S I O N
Consistent with earlier reports for Pseudocalanus acuspes and Calanus glacialis (Conover et al., 1988; Runge and Ingram, 1991; Hattori and Saito, 1997) , medium to large calanoids (P. acuspes, Metridia longa, C. glacialis and C. hyperboreus) exhibited a normal DVM under the ice (Figure 6 ). In a preliminary study of copepod vertical migrations under the ice of Barrow Strait, Conover et al. (Conover et al., 1986) observed that secondary peaks in Pseudocalanus abundance near the ice-water interface may have coincided with slack tides. However, more complete subsequent studies (Conover et al., 1988) showed no relationship between tides and vertical migrations, Pseudocalanus moving towards the ice-water interface sometime between 19.00 h and midnight, as observed in the present study. While the centre of mass of the population remained relatively deep (50-100 m) at night (Figure 6 ), swarms moved upward into the surface layer (Figure 8 ), a pattern previously observed in calanoid copepods (Simard et al., 1985) . The evidence for consistent DVM was weaker in small copepods. The amplitude of vertical movements was small, in particular for Oithona similis, while the DVM of Oncaea borealis and Microcalanus pygmaeus was normal in 1992 and inverse in 1995.
The metabolic-demographic advantage hypothesis
In Barrow Strait, the thermal gradient from surface to bottom (120 or 150 m) was <0.15ºC and temperature actually increased with depth. Migrating copepods would therefore gain no metabolic advantage [sensu (McLaren, 1963) ] from leaving the food-rich surface waters for the deeper layer. It is unlikely that, independent of any potential increase in body size, the potential increase in egg production associated with the minute increase in temperature at depth (Williamson et al., 1996) would compensate the energy expenditure associated with migrations. In agreement with most DVM studies (Lampert, 1989) , we found little evidence to support the metabolic-demographic advantage hypothesis.
The UV-B avoidance hypothesis
In Barrow Strait in spring, only a very small fraction (0.07-0.21%) of incident light reached the water through the snow and ice cover. Hence, very low levels of UV-B radiation reached the water and avoidance of UV-B radiation (Huntsman, 1924; Siebeck, 1978; Williamson et al., 1994) cannot explain the observed DVM of copepods in ice-covered seas.
The predator-avoidance hypothesis
The predator avoidance hypothesis (Lampert, 1989) has received support from both field studies and controlled experiments (Stich and Lampert, 1981; Gliwicz and Pijanowska, 1988; Bollens and Frost, 1989; Lampert, 1989; Neill, 1990; Bollens et al., 1993; Hays et al., 1994; Loose and Dawidowicz, 1994; Hays, 1995a Hays, , 1995b . It assumes that food concentration is limiting at depth and greatest at some shallower level within the euphotic zone. Ascent towards the food-rich layer would be a reaction to food limitation, and descent to depth a strategy to avoid visual predators (Zaret and Suffern, 1976; Gliwicz and Pijanowska, 1988) . According to the predator-avoidance hypothesis, a DVM would be elicited if (i) the risk of predation was significantly lower at depth than in the foodrich layer, and (ii) the energy expenditure of the migration was compensated by the energy gain of feeding in the food-rich layer (Gliwicz and Pijanowska, 1988; Lampert, 1989 and DeMeester et al., 1999) . Hence, the predator avoidance hypothesis predicts that, when food is limiting at depth, the drive for DVM should increase with vulnerability to visual predators and with the strength of the food gradient.
Under-ice DVM and vulnerability to visual predators
Before the ice break-up and the subsequent arrival of planktivorous seabirds, the Arctic cod Boreogadus saida and the hyperiid amphipod Themisto libellula are probably the most abundant visual predators of copepods under the first-year sea ice of Barrow Strait (Welch et al., 1992) . Arctic cod juveniles and adults feed primarily on amphipods (including T. libellula), but also ingest large Calanus copepods (Bradstreet and Cross, 1982) . Large schools of Arctic cod have been reported in ice-free Barrow Strait in late summer (Welch et al., 1992) and the species is known to be associated with land-fast ice in spring (Bradstreet, 1982) . Like other hyperiid amphipods of the same genus, T. libellula is an important carnivorous predator that preys mainly on calanoid copepods, and also on amphipods (including its own species), chaetognaths and fish larvae (Dunbar, 1946; Wing, 1976; Sheader and Evans, 1975; Bradstreet and Cross, 1982; Yamashita et al., 1985; Grainger and Hsiao, 1990; Pakhomov and Perissinotto, 1996) . In the present study, adult T. libellula preyed primarily on Pseudocalanus acuspes females in the surface layer in 1992, when this species massively dominated the copepod assemblage (Fortier, 1999) . The visual predators of small calanoid and cyclopoid copepods are much less known. Wing (Wing, 1976) reported that adult T. libellula preyed upon Microcalanus pusillus and cyclopoid copepods, although infrequently. The condition of the prey prevented identification to species but Wing suspected that Oithona copepodites could be a frequent prey of juvenile Themisto. Like many oceanic hyperiid amphipods, the eyes of Themisto spp. are double structures, with a specialised upward-pointing region covering a narrow field of view that is used to detect small opaque targets (preys) against the background of downwelling light from the surface (Land, 1989) . Against a light background (such as the under cover of the ice), the detectability of such targets is proportional to the amount of light they obscure, which is the product of their angular area and contrast (Land, 1989) . Accordingly, the light threshold below which a prey is no longer detected by a visual predator should decrease with increasing prey size. Hence, other factors such as colour and morphology [e.g. (Brooks and Dodson, 1965; Hays et al., 1994) ] being approximately equal within a species, the daytime ZCM should deepen with increasing size during development. This prediction of the predator avoidance hypothesis was verified statistically for five of the seven species studied (Figure 6 ). The lack of significant correlation between ZCM and cephalothorax length in C. hyperboreus, may have resulted from insufficient sample size (n = 4 developmental stages).
Pooling all developmental stages in all species, the daytime ZCM of copepods was a clear function of size in early June 1995 but not in late May 1992, when all copepods except Pseudocalanus acuspes maintained their position in the near-bottom layer (Figure 7) . The release of ice algae from the ice matrix and the vertical flux of faecal pellets started several weeks later in 1992 than in 1995 (Fortier, 1999) . Thus, relative to 1995, insufficient availability of microalgal food in the surface layer in late May 1992 may explain the lack of feeding migrations in most herbivores, with the exception of P. acuspes which is adapted to raise and feed directly on ice algae at the very ice-water interface (Conover et al., 1986; Runge and Ingram, 1991; Hattori and Saito, 1997) . The DVM of the omnivore Oncaea borealis, a genus that may depend on marine snow and faecal pellets (González and Smetacek, 1994; Green and Dagg, 1997) , would also have been delayed in 1992. Relative to late May 1992, feeding migrations were well developed in early June 1995. Most copepods moved higher in the water column at night (Figure 6 ), clearly adjusting their daytime ZCM according to their size ( Figure 7B ), as predicted by the predator 
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Pseudocalanus (CV) ----27.9 --8.7 17.6 avoidance hypothesis. Interestingly, at a given size, females of calanoid herbivores (P. acuspes, Calanus glacialis and C. hyperboreus) were often distributed deeper than late copepodites (CIII-CV ) in daytime ( Figure 7B ). This suggests that females may in someway be more conspicuous than copepodites of the same size (Wright et al., 1980; Lampert, 1989) , an interpretation also supported by the apparent selectivity of Themisto libellulla for female P. acuspes when preying on this copepod near the ice-water interface (Table II) . The relative change in light intensity (∆I/I) is believed to be the zeitgeber to trigger upward and downward vertical migration in zooplankton (Ringelberg, 1995) . According to Ringelberg and colleagues (Ringelberg, 1995) , maximal (∆I/I) at sunset and sunrise are the primary causes of DVM and the presence of predators or food concentration (called secondary causal factors) may enhance the migration behaviour but cannot by themselves elicit migration. Although upward migration of copepods under the ice of Barrow Strait coincided with the period of maximal decreasing (∆Ι/Ι) [sensu (Ringelberg, 1995) ], their downward migration from the surface layer occurred shortly after their ascent at a time when light intensity was still decreasing (Figure 9 ). Under the midnight sun, where predation pressure from visual predators is always present, the strategy apparently used by herbivorous copepods is to enter the food rich sub-ice layer for as short a time as possible after the period of maximal decreasing (∆Ι/Ι). These short bouts in the surface layer at dusk have also been recorded for Pseudocalanus in the same environment (Conover et al., 1988; Hattori and Saito, 1997) . Pseudocalanus grazing under the ice have been shown to have high grazing rates, with animals completely filling their guts in 5-10 minutes after exposure to food (Conover et al., 1986) . We suggest that in this environment, the presence of actively feeding visual predators such as Themisto libellula under the ice at night, may be the cue for the rapid descent of copepods, hours before the dusk maximum in increasing (∆I/I).
Under-ice DVM and the strength of the food gradient
In both years, the microalgal food of the primarily herbivorous Calanus hyperboreus, C. glacialis and Pseudocalanus acuspes (Conover and Huntley, 1991) was low and concentrated at the ice-water interface and in the top 20 m of the water column. In the water column, the vertical gradient in microalgal food was steeper in early June 1995 than in late May 1992 ( Figure 5) . Consistent with the prediction of the predator avoidance hypothesis, the amplitude of the DVM of C. glacialis and C. hyperboreus was much larger in 1995 than in 1992 (Figure 6 ). The prediction was not verified however for P. acuspes, which presented a DVM of similar amplitude in the two years. Pseudocalanus is adapted to feed directly at the ice-water interface (see above), and the relevant food gradient for this species could be the gradient in microalgal concentration between the actual JOURNAL OF PLANKTON RESEARCH VOLUME  NUMBER  PAGES -   ice-water interface and the water column. This gradient was large and may have been sufficient to trigger a comparable DVM in P. acuspes in both years (Table I) .
Crustacean nauplii, an important staple of the omnivorous genus Metridia under sea ice (Conover and Huntley, 1991; Lopez and Huntley, 1995) , were uniformly concentrated in the 0-60 m layer. In the absence of a strong gradient in prey availability within the euphotic layer, the upward migration of M. longa stopped short of 20 m, thus effectively avoiding crossing the depth beyond which light increased rapidly (Figure 10) . Avoidance of the surface layer by migrating M. longa has also been reported in Scoresby Sound, where it was attributed to its lesser dependence on the phytoplankton-rich surface layer (Digby, 1954) .
Small omnivorous Arctic copepods such as Oithona similis and Oncaea borealis are less dependent on the supply of microalgae than large herbivorous calanoids (Kleppel, 1993; Paffenhöfer, 1993; Atkinson, 1995) . Oithona similis can feed on the early naupliar stages of copepods (Nakamura and Turner, 1997) and both O. similis and O. borealis can be efficient coprophages of copepod faecal pellets (González and Smetacek, 1994) . In Barrow Strait, these alternative food sources were more widely distributed (0-50 m) in the water column than microalgal biomass (0-25 m) ( Figure 5) . Hence, the two species did not have to trespass into the euphotic zone to find their food. In addition, because of their small size (Figure 6 ), O. similis and O. borealis are presumably less conspicuous to visual predators than are large calanoids (Brooks and Dodson, 1965; Hays et al., 1994) . Hence, the predator avoidance hypothesis predicts that, under the ice cover of Barrow Strait, the incentive for O. similis and O. borealis to move into the euphotic layer and move out of it in daytime would be much less than for the large herbivorous calanoids. This prediction is supported by the relatively shallow distribution and small amplitude of the vertical migration in the two species (Figure 6) .
Microcalanus pygmaeus, a mid-water dweller [see (Schnack-Schiel and Mizdalski, 1994 ) for a review], feeds primarily on small phytoplankton in the Southern Ocean (Hopkins and Torres, 1989) , but is suspected of omnivory and detritivory at depth in winter when chlorophyll concentration is low (Schnack-Schiel and Mizdalski, 1994) . Under the ice of Barrow Strait in spring, M. pygmaeus was typically distributed at mid-depth with little evidence of DVM, which suggests that, for this small species, the high energetic costs of the migration were not compensated by grazing in the chlorophyll-rich surface layer.
The DVM of Themisto libellula: visual predator avoidance?
Fluctuations in its abundance immediately under the ice-water interface (0.5-1.5 m) strongly suggest that Themisto libellula effected a normal DVM (Figure 9 ), like its congeners T. japonica (Yamashita et al., 1985) and T. gaudichaudi (Kane, 1966; Pakhomov and Perissinotto, 1996) . Gut fullness indicates that feeding conditions for T. libellula were optimal near the ice-water interface (i) in late evening, when light intensity was near minimum and P. acuspes concentrations were high, and (ii) in late morning, when light was near maximum and prey concentration was low (Table II) . The descent of most T. libellula at depth in daytime (Figure 9 ) may indicate that, consistent with the predator avoidance hypothesis, good feeding conditions immediately under the ice in daytime did not offset the increased risk of predation by its main visual predators the Arctic cod (Bradstreet, 1982) and the ringed seal (Bradstreet and Cross, 1982; Lydersen et al., 1989) which are both abundant in Barrow Strait (Hammill and Smith, 1989; Welch et al., 1992) .
The predator avoidance hypothesis under Arctic sea ice
After questioning the validity of the assumption that food quantity and quality is always best in surface waters, Williamson et al. (Williamson et al., 1996) proposed 'that the classic vertical migration paradigm which focuses on why zooplankton migrate down out of the food-rich surface waters, should be abandoned'. With mounting evidence for omnivory and predation on protozoa (Kleppel, 1993; Paffenhöfer, 1993; Ohman and Runge, 1994; Atkinson, 1995; Nakamura and Turner, 1997) , it is becoming clear that the need for copepods to access the phytoplankton-rich surface layer can vary widely with season and species, even for large, primarily herbivorous calanoids. Yet, under the Arctic and subarctic ice cover in spring, the microalgae produced in the ice and released in the surface layer are of vital importance to calanoid herbivores, enabling growth, springtime reproduction, and lipid accumulation for overwintering stages Huntley, 1991, Conover and Siferd, 1993; Richter, 1995) . Under these conditions, the predator avoidance hypothesis and the 'classic vertical migration paradigm' successfully explained the vertical distribution and DVM of copepods (small and large, omnivores and herbivores) and of Themisto libellula, under the ice of Barrow Strait.
DVM under the midnight sun
Most studies of Arctic zooplankton DVM under the midnight sun were conducted in open waters, and a majority of these concluded that, with a few exceptions, most species exhibit no clear migration (Kosobokova, 1978; Groendahl and Hernroth, 1984; Sameoto, 1984; Longhurst et al., 1984; Falkenhaugh et al., 1997) . Seasonal studies also showed that, in open waters, freshwater and marine copepods that migrate during the
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period of alternation of day and night in spring stop their migration when midnight sun conditions develop (Buchanan and Haney, 1980; Falkenhaugh et al., 1997) . The weakness or absence of DVM under continuous sunlight in ice-free waters has been attributed to a weak relative rate of change in irradiance ∆I/I (Buchanan and Haney, 1980) or to a lack of diel fluctuations in the risk of predation by visual predators in the continuously illuminated surface layer (Hays, 1995b) .
Although about only one-tenth the threshold value reported to trigger migration in open waters [5-11% min -1 (Ringelberg et al. 1991; Ringelberg 1993] , the near maximum values of ∆I/I (≤0.5% min -1 ) elicited a clear DVM in copepods during midnight sun under the ice of Barrow Strait. While the ∆I/I is probably similar in icecovered and ice-free waters under the midnight sun at high latitudes, absolute light intensity is several orders of magnitude less under the ice (Figure 10 ). At 0.1-0.5 µmol photons m -2 s -1 , under-ice irradiance at night ( Figure 4B ) was close to the reported thresholds at which the feeding activity of fish slows down (Vinyard and O'Brien, 1976; Conger et al., 1978; Luecke and O'Brien, 1981; Link and Thomas, 1996) , thus actually providing copepods with an efficient refuge against visual predators. We suggest that the reported weakness or absence of DVM in zooplankton under the midnight sun in ice-free waters is not linked to a low ∆I/I (which was sufficient to trigger migrations under the ice), but rather reflects a lack of refuge from visual predators in the continuously illuminated surface layer (Hays, 1995a) .
